We have constructed refined physical maps of the chromosome (1.82 Mb) and the large plasmid pTT27 (250 kb) of Thennus thennophilus HB27. A total of 49 cleavage sites with five restriction enzymes, EcoRI, Sspl, MunI, EcoRV and Clal, were determined on the maps. The location of 61 genes was determined by using as probes 64 genes cloned from T. themphilus or other Thermus strains. Comparison of the genomic organization of the chromosomes of T. thermophilus HB27 and HB8 revealed that they were basically identical, but some genes were located in different regions. Among 32 genes whose locations were determined on both the HB27 and the HB8 chromosomes, the copy number of rpsl-rpsG-fus-tufA, the locations of glyS, pol, and one copy of nusG+p/K+p/A were different. The lSlOO0 sequence was located only in one region on the HB27 chromosome. In contrast, ISlOOO sequences were scattered over four regions on the chromosome of HB8. As each region in which glyS, pol, or one copy of nusG-rplK-rplA are present also contained ISlOOO in HB8, it is suggested that IS1000 may play an important role in genomic rearrangements in 7hermus strains.
INTRODUCTION
Tbermtls tbermopbiltls is a Gram-negative, aerobic microorganism which can grow at temperatures above 75 "C, and is one of the most widely studied of the thermophilic bacteria. Tbermtls strains are known to produce unique substances such as carotenoids as well as many thermostable enzymes and proteins. We have isolated various auxotrophic mutants, carotenoid under-and overproducing mutants from T. tbermopbiltls HB27 and carried out genetic studies of the strain (Hoshino et al., 1993a (Hoshino et al., , 1994a Kosuge et al., 1994; Tabata et al., 1994) . We showed that carotenogenic genes occur in a cluster and are located on the plasmid pTT27 whose size is about 250 kb in T. tbermopbiltls HB27 .
One of the characteristics of the Thermw strains is that they are capable of incorporating foreign DNA through a natural transformation system (Koyama et al., 1986) . Among the Tbermtls strains examined, T. tbermopbiltls Abbreviation: DIG, digoxigenin-I 1-UTP.
HB27 showed the highest transformation ability (Koyama et al., 1986) . Therefore, studies aimed at using this transformation system as a tool for genetic analysis and molecular breeding, including improvement of the host vector system, have been conducted using T. tbermopbiltls HB27 (Hidaka e t al., 1994; Hoshino e t al., 1993b Hoshino e t al., , 1994b in our laboratory.
In recent years, we have constructed physical maps of the T. tbermopbihs HB27 chromosome and the large plasmid pTT27 using three restriction enzymes, EcoRI, SspI and MunI together with the determination of the location of 11 genes (Tabata e t al., 1993) . A comparison of the chromosomal maps among the strains belonging to the same genus has provided information on differences in genomic organization and possible genomic rearrangements that occur within the genus (Ladefoged & IP: 54.70.40.11 On: Sun, 30 Dec 2018 15:51:04 K. TABATA and T. H O S H I N O several restriction endonucleases and the MunI cleavage maps were different (Tabata e t al., 1993) . Thirty five genes were mapped on the HB8 chromosome. Since the numbers of genes or gene clusters used for probes to determine genomic locations were not large for either the HB8 o r the HB27 chromosomes, and only two gene clusters were commonly used, it is difficult to determine the difference in the genome organization between HB8 and HB27 . I n this paper, we have used EcoRV and ClaI to refine the physical maps of the HB27 chromosome and pTT27, and have identified a total of 49 restriction enzyme cleavage sites on the HB27 chromosome. Moreover, the location of a total of 61 genes was determined on the maps. Comparisons between the refined HB27 maps and the HB8 chromosomal map revealed a significant similarity in the genome organization of the t w o strains. However, some genes were located in different regions of the genomes in both strains. The possible role of insertion sequence IS1000 (Ashby & Bergquist, 1990) in genomic rearrangements is also discussed.
METHODS
Bacterial strains and plasmids. T. thermophilus HB27 (Sakaki & Oshima, 1975) , Escberichia coli JM109 (Yanisch-Perron e t al., 1985), pUC19 (Yanisch-Perron et al., 1985) were used. T. thermophilus HB27 was grown in TM medium (Koyama et al., 1986) at 70 OC.
Preparation of DNA, DNA manipulations and PFGE. DNA manipulation was performed according to standard methods (Sambrook e t al., 1989) . Restriction endonucleases were supplied by Toyobo or Takara. Preparation procedures of intact DNA in agarose plugs and their digestion were described previously . PFGE was performed on a 1 % (w/v) agarose gel (SeaKem GTG agarose; FMC BioProducts) in 0.5 x Tris/borate buffer (45 mM Tris, 45 mM borate, 1 mM EDTA, pH 8.0) at 7.5 V cm-' by using a CHEF-DR2 apparatus (Bio-Rad) at 13-15 "C for 36 h. Various pulse time ramps were used depending on the molecular masses of the fragments for resolution. Phage lambda ladder DNA concatemers (Clontech or FMC BioProducts), Saccharomyes cerevisiae chromosomal DNA (Bio-Rad), or 1ambdalHindIII digest (Takara) were used as size markers..Fragments smaller than10 kb were analysed by using standard agarose gel electrophoresis with lambda/HindIII or 1ambdalBstPI digests (Takara) as size markers. Isolation of two EcoRV linking clones. To complete the EcoRV cleavage map, i.e. to determine the order of EcoRV fragments C, J, and 0 ( Fig. 3) , two linking clones for EcoRV fragments were used. To construct these, T. thermophilus HB27 total DNA was partially digested with MspI and ligated with AccI-digested and dephosphorylated pUCl9. After transformation of E. coli JM109, all the colonies were collected by scraping the plates and then resuspended in 0.85% saline. Plasmid DNA from the library was subsequently prepared, cleaved with EcoRV, and subjected to PFGE to recover linearized DNA fragments (It0 & Sakaki, 1988) . They were re-ligated and used to transform E . coli JM109. Plasmid DNAs which were prepared from the transformants were transferred onto nitrocellulose membranes, and hybridized with a probe of the largest restriction fragment of the chromosome digested with EcoRI and MunI (shaded region in Fig. 3 ). Plasmid clones that hybridized with the probe, namely pEVOl6 and pEV034, were used as hybridization probes as described below.
Cloning of small fragments produced by digestion by rarecutting endonucleases. T. thermophilus HB27 total DNA was digested with EcoRI, SspI, EcoRV, or ClaI, run on an agarose gel and the following six restriction fragments were recovered : EcoRI fragments M and N, SspI fragment J, EcoRV fragment R, and ClaI fragments E and F. Each fragment was ligated to pUC19 and introduced into E. coli JM109 by transformation. Clones containing each of these fragments were prepared and used as hybridization probes. Since no clone containing ClaI fragment E was obtained, it was directly labelled with digoxigenin-11-UTP (DIG) and used as a hybridization probe. DNA transfer and hybridization. DNA fragments in the agarose gel were transferred onto a nitrocellulose filter (Schleicher & Schuell) by capillary transfer using 20 x SSC (3 M NaC1, 0.3 M tri-sodium citrate at pH 7.0). A non-radioactive labelling nucleotide, DIG, was used for preparing the DNA probes. The random primer labelling technique, prehybridization, hybridization procedures and colour development were performed according to the protocol of the DNA labelling and detection kit (Boehringer Mannheim). Gene probes of Thermus strains were generously supplied by the researchers indicated in Table 5 . For the hybridization of isolated restriction fragments with PFGE-separated fragments digested with other restriction enzymes (band hybridization), individual bands were cut from the gels. Each gel slice was heated to 95 OC for 10 min to melt the agarose and denature the DNA, labelling reagents were added, and the mixture was incubated at 37 OC for 16 h.
RESULTS

Digestion of HB27 DNA with Clal or EcoRV
In o u r previous experiments o n the physical map of the chromosome of HB27 based on digestion with EcoRI, SspI, and Mud (Tabata eta!., 1993) , it was confirmed that t w o restriction endonucleases, ClaI and EcoRV, cleaved Physical mapping of Tbermtls tbermopbiltls HB27 the chromosome (and a large plasmid pTT27 of about 250 kb) into 6 and 22 fragments, respectively. These were useful as rare-cutting endonucleases for the HB27 genome. Fig. 1 shows the typical PFGE banding pattern produced by these restriction endonucleases. The estimated sizes of the fragments are listed in Table 1 . Band sizes were determined by comparison to size markers. The mean size of each band was determined by several independent measurements.
Construction of EcoRV cleavage maps of the HB27 chromosome and pll27
(i) Southern hybridization with EcoRl linking clones. Eight EcoRI linking clones, which were employed to align the EcoRI restriction fragments (Tabata e t al., 1993) , were used to determine the positions of several EcoRV restriction fragments. These clones were used to probe nitrocellulose membranes onto which chromosomal DNA digested by EcoRV had been transferred. Generally, a single EcoRI linking clone used as a probe should produce a single band when hybridized against a membrane carrying fragments of an EcoRV digest. The results of the hybridizations ( Table 3 . The positions of EcoRV restriction fragments E, H, I1,13, K, L2, N and P were determined. Although it was indicated that fragments I2 and L1 were located between fragments E and G, and that fragments C, J and 0 were located between fragments B2 and E, the order of these fragments could not be determined. the region and used them to align these fragments. Due to the recovery of EcaRV linking clones by the method described in Methods, two linking clones named pEVOl6 and pEV034 were isolated. The probe of pEVOl6 hybridized with EcoRV restriction fragments C and E, and that of pEV034 hybridized with fragments B2 and J (Fig. 2b) . The order of fragments C, J and 0 was
Based on the combination of the three different methods described above, all EcoRV restriction fragments separated by PFGE were aligned. The deduced EcoRV cleavage map of the HB27 chromosome and that of the large plasmid pTT27 are depicted in Figs 3 and 4 .
-B2-J-0-C-E-. 
Construction of CIal cleavage maps of the HB27 chromosome and plT27
A ClaI cleavage map of the HB27 chromosome was constructed by utilizing EcoRI linking clones and band hybridization experiments by applying similar methods to those used for the construction of the EcoRV cleavage maps (Tables 2 and 4 ). The chromosomal map is shown in Fig. 3 . There was no ClaI site on pTT27.
DNA with EcoRV and MunI revealed that fragment I2 contained a MzlnI site. Hence, the order of I2 and L1 was determined as shown in Fig. 3 (-E-L1-12-G-).
(iii) Southern hybridization with two EcoRV linking clones.
The order of the fragments C, J and 0 could not be determined by band hybridization because there was no restriction site for rare-cutting endonucleases which were used to construct cleavage maps previously . Therefore, we isolated EcoRV linking clones for
Location of small fragments produced by digestion by rare-cutting endonucleases
Digestion of HB27 intact DNA with the rare-cutting endonucleases used in the previous study and this work gave small fragments of less than 6 kb (see Table 1 ). Hybridization with these fragments as probes enabled us to determine the location of the fragments on the physical map. Physical mapping of Tbermzls tbermophiltrs HB27 and H1, Js-1 fragment C and G, ClaI fragment B and C, A and C, respectively (data not shown). EcoRV fragment R was hybridized with MzlnI fragment D and was indicated that it was located between EcoRV fragments E and L1, or I2 and L1 (data not shown).
Location of cloned genes on the cleavage map
We previously assigned 11 cloned Tbermm genes to the physical map of T. tbermopbilt/s HB27 chromosome . In the current study, we tried to locate a further 53 genes on the physical maps of the chromosome and the large plasmid pTT27 using Southern hybridization. The gene probes used are listed in t Fragment letters refer to those illustrated in Fig. 3 .
$ A chromosomal fragment which complemented each mutation was screened from the genomic library of T. tbermophilus HB27. §Data are from Tabata e t al. (1993) .
)I Personal communication. rRNA genes) up to about 200 kb (fragment containing succinyl CoA synthetase genes). Two or more copies of the 16s rRNA genes, 23s-5s rRNA genes, nzisG-rplK-rplA, rpsL-rpsG--tl.r-ttlfA, and insertion sequence IS7000 were located on the genome. No signal was detected when probes for either the gene encoding aqualysin I ( a q d ) from T. aqtlatictls YT1, a,/?-galactosidase (lac) from Thermtls strain "2, or xylose isomerase (~$4) from T. thermophiltls HB8 were used ( Table 5 ).
The probe of IS7000 hybridized with EcoRV restriction fragments I (11, I2 and/or 13) whose sizes were 80 kb ( Fig. 5 ). From the hybridization experiment with other rare-cutting restriction endonucleases, it was obvious that the IS7000 probe did not hybridize with fragment I1 (Table 5 ). Because the IS7000 probe also hybridized with the EcoRV + MtlnI restriction fragment whose size was 80 kb (data not shown), it was also obvious that the IS 7000 probe did not hybridize with fragment 12. Thus, it was confirmed that IS7000 was present on EcoRV restriction fragments D, 13, L1 and M (Table 5 ).
DISCUSSION
In this paper we describe the construction of more detailed maps of the T. thermophiltls HB27 chromosome and large plasmid pTT27 than in a previous study (Tabata e t al., 1993) . A total of 49 cleavage sites for the restriction endonucleases EcoRI, SspI, MtlnI, EcoRV and CiaI on the HB27 chromosome and 15 sites for EcoRI, SspI, MtlnI, Not1 and EcoRV on the pTT27 were determined, and the location of 61 cloned Thermtls genes was also determined. As a result, restriction sites are indicated every 35-40 kb on the HB27 chromosome and every 15 kb on the large plasmid on average. However, the cleavage sites of the restriction endonucleases used were unevenly distributed on the map and several regions contained more sites for restriction endonucleases than the remaining parts of the chromosome. This apparent lack of homogeneity may be due to differences in the G + C contents among chromosomal regions.
The sums of the sizes of all the EcoRV or CiaI restriction fragments derived from the chromosome were 1837 and 1807 kb, respectively, which was in good agreement with previous determinations of the genome size, 1.82 Mb (Tabata e t al., 1993) . The same applied to the sizes of pTT27.
Three Thermus hybridization probes failed to hybridize with the T. thermophilm HB27 chromosome. Since it was shown that T. thermophihs HB27 lacked protease activity, the absence of hybridization for the aqualysin I gene ( a q d ) probe is not surprising. As in the case of T. tbermophilzjs HB8 (Borges & Bergquist, 1993 ; P. L.
Bergquist, personal communication), no signal was detected when probes for xylose isomerase gene were used. However, the a$-galactosidase gene (lac) also failed to hybridize with the HB27 chromosome although T. thermophiizis HB27 was reported to have weak and constitutive a,p-galactosidase activities (Koyama e t al., 1990) . The reason for these results is unknown.
Construction of the physical map and assignment of cloned genes were also carried out for another Thermus strain, T. thermophilzis HB8 (Borges & Bergquist, 1993; P. L. Bergquist, personal communication) . In a previous report, we stated that the cleavage patterns of HB27 chromosome and that of HB8 were different, and moreover the MzinI physical maps of these two strains were quite dissimilar (Tabata e t al., 1993) . When the location of genes on the HB27 chromosome was compared with that of the HB8 chromosome, a considerable similarity was evident in many genes in spite of differences in the physical maps (Fig. 6) . These results suggest that, although the nucleotide sequence of the HB27 chromosome may be different from that of the HB8 chromosome, the genome structure in terms of locations of genes may be fundamentally similar.
Differences between these two strains included the copy number of rpsL-rpsG-zis-tUfA (one for HB8 and two for HB27), lack of lac in HB27, location ofgEyS, pol and of one copy of nzjsGrplK-rplA, and both copy numbers and location of the insertion sequence IS7000 (Fig. 6 ).
Although IS 1000 sequences were scattered all over the HB8 chromosome, only the region within EcoRV restriction fragment L1 contained the IS7000 sequence in the HB27 chromosome. Interestingly, each region on which gEyS, pol or one copy of nasGrplK-rplA existed also contained IS7000 in HB8 (Fig. 6) . In E. coli, it was suggested that a gene flanked by two insertion sequences was moved as a composite transposon (Umeda & Ohtsubo, 1989) . It is interesting to speculate that these regions on the chromosome may be derived by ISmediated transposition.
It was observed that deletions of the large plasmid pTT27 Fig. 6 . Physical map of T. thermophilus strains HB27 and HB8. Restriction sites for Munl and the positions of the functional loci are indicated. Thick lines indicate regions in which IS1000 exist. For presentation, each of the circular genomes is shown linearized from the Munl site between Munl fragment A and D for HB27, and 4 and 6 for HB8. The HB8 map is a personal communication from P. L. Bergquist. ., 1994) . In other bacteria, pairs of identical insertion sequences as well as gene duplication induce such chromosomal instabilities (Anderson & Roth, 1981 ;  Windom e t al., 1988). In HB27, IS7000 sequences were present not only on the chromosome but also on pTT27.
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Hybridization data indicated that several IS 7000 sequences were present in pTT27 as described in Fig. 4 . The probe of IS7000 hybridized more strongly with EcoRI restriction fragment F and EcoRV fragment D than with EcoRI fragment G, EcoRV fragments I3 and M. This suggests either that the number of IS7OOOs is different in these two regions, or that the insertion sequence(s) present in the latter region show a relatively lower homology with IS7000. Although it remains to be determined whether duplicated sequences such as IS 7000 also cause instability in HB27, these naturally occurring deletions on pTT27 may conceivably have arisen by homologous recombination within the closely spaced IS 7000 sequences.
Our results suggest that there is a close relationship between T. tbermopbilzu HB27 and HB8. These cleavage maps also provide relevant information concerning the structural relationship among the chromosomes of other TbermHs strains. Moreover, the detailed cleavage map of HB27 should improve the mapping of every Tbermt/s gene cloned in the future.
